Abstract This study examined the influence of informal milk delivery chains on the risk of human exposure to Brucella spp. through milk consumption in two regions of Uganda (Gulu and Soroti Districts). The work involved describing milk delivery chains, investigating brucellosis awareness amongst milk deliverers and determining the presence of Brucella spp. antibodies in cattle milk on delivery to primary collection points (boiling points and dairies). Milk samples (n = 331) were collected from deliverers at primary collection points and from street vendors at point of sale and analysed using indirect enzyme-linked immunosorbent assay (I-ELISA). A written questionnaire was used to collect data from deliverers (n = 279) on their milk delivery chains and their brucellosis awareness. The most common delivery points in Gulu District were small dairies and in Soroti District boiling points. The presence of Brucella spp. antibodies in milk samples was higher in Soroti (40 %) than in Gulu (11 %) (P < 0.0001). There are possible public health risk consequences of this finding as 42 % of deliverers in Soroti District reported drinking raw milk, compared with 15 % in Gulu District (P < 0.0001). Awareness of brucellosis was low, with 70 % of all milk deliverers reporting not having heard of the disease or the bacterium. Application of quality controls for milk (colour and odour) along the delivery chain varied depending upon supply and demand. This study provides evidence of the diversity of informal milk markets in low-income countries and of the potential public health risks of consuming unpasteurised milk. These results can be useful to those planning interventions to reduce brucellosis.
Introduction
Brucellosis is a contagious, zoonotic disease caused by a gram-negative bacterium and is of global importance to human and animal health. Seven Brucella species have been described in terrestrial animals, with Brucella abortus, Brucella melitensis, and Brucella suis considered the most important in livestock and humans (Diaz Aparicio 2013; Galinska and Zagorski 2013) . B. abortus is the main cause of cattle brucellosis resulting in reproductive symptoms such as abortion, placentitis, orchitis, and epididymitis (OIE 2009; Diaz Aparicio 2013) . Infection with B. abortus is estimated to result in milk production decreases of up to 20-25 % in aborting cattle (Grace et al. 2012a, b; McDermott et al. 2013) .
Consumption of unpasteurised milk or milk products is the most common route of Brucella infection in humans. The World Health Organisation (WHO) recently estimated that the median global number of cases of foodborne illness due to Brucella infection was 393,239 (range 142,815-9,099,394) (Havelaar et al. 2015) . Brucellosis in humans is characterised by fever, influenza-like symptoms and chronic joint problems (CDC 2016) . In the absence of a human vaccine for brucellosis, controlling the disease, especially in confined livestock, is regarded to be the most effective way to prevent human infection (Godfroid et al. 2010; Smits 2013) .
In sub-Saharan Africa, brucellosis is endemic in livestock causing losses estimated at 6-10 % of the income per animal (McDermott et al. 2013 ). In addition to economic effects and the zoonotic threat, brucellosis in livestock has a negative effect on human health and nutrition in low-income countries, due to the reduced production of high-value protein in the form of meat, milk and milk products (Herrero et al. 2013) . In Uganda, the following four dairy cattle systems have been described: communal grazing, tethering, paddocking and zero-grazing (Mugizi et al. 2015a) . A recent study showed that the typical Ugandan small-scale producer in urban and peri-urban areas owns one to three cows and that 2 % of these produce 0-2 L of milk per day, 61 % produce 2-10 L and 37 % produce >10 L (Benon et al. 2015) .
It has been reported that 90 % of the milk marketed in Uganda, most of which is produced by small holders, is sold by vendors and small-scale retailers in informal markets . In addition, dairy cooperatives supported by non-governmental organisations (NGOs) organise milk collection but do not always process the milk before sale. The small-holder milk production systems in Uganda are characterised by homestead-level herds managed by families and associated with informal milk value chains and subsistence farming (Balikowa 2011) .
Milk is not necessarily boiled, or pasteurised, within the informal milk chain, and raw milk and fermented milk products made from raw milk are regularly consumed in Uganda poising a food safety risk. Makita et al. (2011) suggested that the four most common zoonotic diseases related to livestock, one being brucellosis, were caused by informally marketed dairy products. That study also showed that 13 % of milk samples originating from informally marketed milk around the Ugandan capital Kampala tested seropositive for Brucella using indirect enzyme-linked immunosorbent assay (I-ELISA). Another study from southwestern Uganda found that 29 % of milk samples from individual cattle contained antibodies to Brucella by using the Rose Bengal test (Miller et al. 2015) . We have previously reported that 7.5 % of the dairy cattle in Northern and Eastern Uganda are Brucella-seropositive and that B. abortus, without a known biovar designation, has been isolated from the milk of 5 % of apparently healthy cattle (Mugizi et al. 2015a, b) . However, there is a lack of data on the presence of Brucella in the informal milk value chain and the associated safety risk for consumers in Northern and Eastern Uganda.
The aim of this study was to understand the influence of informal milk delivery chains on the risk of human exposure to Brucella spp. through milk consumption in Northern and Eastern Uganda. Informal milk delivery chains were defined as small-scale dairy farmers selling fresh milk without uniform processing. The aim was addressed by describing the milk delivery chains, investigating brucellosis awareness amongst milk deliverers and determining the presence of Brucella spp. antibodies in cattle milk at delivery.
Materials and methods

Study site and study population
This study was conducted in Gulu District, in Northern Uganda and Soroti District in Eastern Uganda (Fig. 1) . Gulu District has an estimated total population of 407,500, including 167,300 living in Gulu municipality, whilst Soroti District has an estimated population of 339,300, including around 77, 100 living in Soroti municipality (UBOS 2014) . Census data from 2008 showed that approximately 14 and 50 % of Gulu and Soroti homesteads, respectively, owned cattle in that year (MAAIF 2009 ).
Sample and data collection
The two districts were visited during four 2-week field visits between October 2011 and March 2012. One milk sample was collected from each of the milk containers brought to the primary collection point (dairies, boiling points) by milk deliverers from a unique homestead or group of homesteads in the case of pooled milk samples. A milk deliverer was defined as the person bringing milk from one or more producer. Samples were collected from all deliverers who agreed to participate in the study upon their arrival at the primary collection points before their milk were mixed with previous deliveries. All three dairies (where milk was delivered and kept in tanks until sale) present in Gulu District at the time of the study were included. In Soroti District, milk samples were collected from milk deliverers at six milk boiling points and at three streetside collection points. These were identified by the manager of Soroti Dairy, which received milk from the boiling points. A boiling point was defined as an informal milk collection site located in a peri-urban area where milk from producers was bulked and boiled before transport into the Soroti City centre. The total number of boiling points in Soroti was not known since they are not registered and since the number of boiling points may vary depending on milk availability.
In both Gulu and Soroti, there were few street vendors selling milk reflecting a shortage of milk. Therefore, as many vendors as possible were included and participating vendors identified other vendors selling milk in a non-random way. Milk samples from these vendors were collected directly from their milk container into 15-mL tubes (Sarstedt, Sweden), coded and stored on ice in a cool box. At the end of each day, all milk samples were transferred to a freezer. At the conclusion of each field trip, the samples were transported to Makerere University's Institute of Environment and Natural Resources (MUIENR) laboratory or the College of Veterinary Animal Resources and Biosecurity (COVAB) in Kampala and kept at −20°C until analysis.
In parallel with collection of milk samples, a questionnaire written in English was used to collect data from milk deliverers and street vendors about the milk delivery chain and their awareness of brucellosis. Data were also collected from street vendors regarding the customers to whom they sell their milk. The questionnaire consisted mainly of closed-ended questions and was conducted in English by local personnel or in a local language when necessary. In Gulu District, interpreters were recruited by Makerere University for translation to the local language, Luo. In Soroti District, interpreters were recruited by the Soroti District Veterinary Officer (DVO) for translation to the Ateso, Kumam or Luganda language. Prior to the interviews, all participants were individually informed about the study and advised that their participation was voluntary and that their answers would be anonymous. Participation was taken as consent for inclusion in the study. The questionnaire responses were reviewed for discrepancies at the end of each collection day by the first author and the interpreter. A copy of the questionnaire can be obtained upon request. Qualitative data were also collected through observations and informal interviews with DVOs, DVO staff and dairy managers.
Ethical clearance was obtained from the Ethical Review Committee of the College of Veterinary Medicine, Animal Resources and Biosecurity, Makerere University. Furthermore, consent for the study was obtained from the respective DVO under the Ministry of Agricultural Animal Industry and Fisheries (MAAIF) as they have the official mandate to carry out investigations relating to animal diseases in Uganda. In the field, milk deliverers and street vendors gave oral consent to , 2011-2012 participate in this study and were given an option to decline. All questionnaires and milk samples were coded in order to maintain anonymity.
Detection of Brucella antibodies in milk samples
I-ELISA kits were used to detect antibodies to B. abortus and B. melitensis (SVANOVIR Brucella-Ab Boehringer Ingelheim, Uppsala, Sweden). Test kit specificity on milk samples is reported by the manufacturer to be 99-100 %. Relative test kit sensitivity to the Rose Bengal test is 89.6 % and to the complement fixation test 100 % (Svanova 2009 ). All milk samples stored at −20°C were thawed to room temperature in the laboratory, and I-ELISA was performed according to the manufacturer's kit protocol for milk samples. On each ELISA plate, positive and negative control sera were included to ensure accuracy of the test, and all samples and controls were run in duplicate. Ascent Software for iEMS Reader MF (Thermo Scientific, Waltham, MA, USA) was used to read the ELISA plates and to calculate sample optical density (OD) values. Percent positivity (PP) value was then calculated as ¼ 
Data management and statistical analysis
Two datasets were created based on data obtained from milk deliverers. One dataset consisted of milk deliverer-specific data collected from all deliverers (Tables 1 and 2) , and the other consisted of homestead-specific data from deliverers collecting milk from a single homestead (Table 3 ). All data were entered into Microsoft Office Excel 2007, and statistical analyses were performed using the free software Epi Info 7 (CDC, Atlanta, GA, USA). Analyses included chisquared or Fisher's tests (in the case of less than five observations per cell) in order to investigate potential differences for variables in the milk deliverer-specific dataset between the two regions. These tests were also used to investigate potential associations between Brucella seropositivity in milk and the data collected in the homestead-specific dataset for Gulu and Soroti Districts. This analysis identified a selection of homestead-level risk factors for delivering Brucella spp. seropositive milk. Values of P ≤ 0.05 were considered statistically significant.
Results
Milk deliverer-specific data Data were collected from a total of 279 milk deliverers, 135 in Gulu District and 144 in Soroti District, whilst 24 milk deliverers did not consent to participate in the study due to time constraints. In Gulu, 99 % of the responding milk deliverers reported that they usually collected milk daily from a single homestead. In Soroti, 51 % of milk deliverers collected milk from one homestead daily, whereas 30 % collected from 2-10 homesteads per day and 8 % collected from 11-25 homesteads per day. Responses from 15 milk deliverers in Soroti were found to be incomplete. In Gulu, 94 % of milk deliverers delivered the milk to a dairy, whereas only 9 % of respondents in Soroti delivered the milk to a dairy.
The vast majority (99 %) of milk deliverers in Gulu reported that the milk did not undergo pasteurisation or other heat treatment prior to delivery to dairies. In contrast, in Soroti, the majority of milk was boiled at boiling points before reaching the Soroti Dairy ( Table 2) . As regards disease awareness, 69 % of milk deliverers in Gulu and 71 % in Soroti had not heard of Brucella or brucellosis. A higher proportion of deliverers in Soroti (42 %) than in Gulu (15 %) reported that they drank raw milk (P < 0.0001; Table 2 ). Moreover, more milk deliverers in Gulu than in Soroti (P = 0.0002) consulted experts, defined as veterinarians, extension officers or NGO staff involved in dairy management, about animal health ( Table 2) .
Description of milk delivery chains
The primary collection points in Gulu were small-scale dairies. In Soroti, boiling points and street-side collection points were the primary collection sites. The milk delivery chains for Gulu and for Soroti are described in Figs. 2 and 3 , respectively. The identity of the milk deliverer from producer to primary collection site varied from day to day. Milk could also be kept by the producer for household use, for example, for drinking or making milk products in the homestead. In Gulu, 87 % of samples came from cattle that were zerograzed in an intensive management system described as intensively kept Holstein cross-cattle fed in stalls and not let out on pasture. The farmers worked with a particular small-scale dairy co-operative funded in cooperation with NGOs.
here were three small-scale dairies in Gulu, all of which were included in the study. Once milk reached a dairy in Gulu, milk volume was measured, density was checked to identify potential dilution and the milk was observed for colour, texture and odour. The milk was then either sold directly to waiting customers in 0.5-or 1-L bags or was deposited into a cooling tank or jerry can to await sale. Of the three dairies in Gulu, two had cooling tanks. One of these had a 300-L cooling tank that was observed to be in use only once during our field visits, and instead, milk was sold directly from jerry cans. The other had a 2000-L cooling tank that was cleaned and maintained but never observed to be filled with milk. The third dairy did not have a cooling tank, and milk was stored directly in jerry cans. An additional point of sale in Gulu was street vendors, who collected milk directly from a producer or a dairy that had excess milk not bought by final consumers (Fig. 2) .
In Soroti, cattle were mainly kept in extensive, communal grazing systems (94 %). In total, six boiling points and three street-side collection points were sampled. At the boiling points, milk was received and recorded by middlemen, poured into large vats with a capacity of 100-150 L and boiled. The largest boiling point included in this study had four large vats of milk that were stirred whilst being warmed over outdoor, wood-burning fires on the perimeter of a homestead. All milk from the boiling points visited was transported to Soroti Dairy by car or bicycle in 50-L jerry cans, and the excess milk was sold to street vendors. From street-side collection points, some milk was delivered to the dairy and the rest was sold directly to street vendors (Fig. 3) .
Eight out of ten (80 %) street vendors in Gulu included in this study reported that they usually consume any leftover milk at the end of the day, whilst the remaining two make milk products. Seven out of eight (88 %) responding street vendors in Soroti said they consume leftover milk themselves. In both regions, street vendors defined their customers as individuals, hotels, schools, restaurants or hospitals (Figs. 2 and 3 ).
Quantifying the milk delivery chains
In Gulu, each deliverer brought an average of 8.5 L of milk to a dairy per day. An average of 4 km was travelled and 3 h passed between milk collection and delivery. In Soroti, each deliverer brought an average of 8 L of milk per day, travelled 5.7 km and spent 3 h between collection and delivery ( Table 1 ). The price of milk per litre to the consumer ranged from 1000 to 1400 USh (equivalent to approximately 0.3-0.5 USD).
Antibodies to Brucella and associations with homestead-specific variables
A total of 331 milk samples were collected, 188 from Soroti and 143 from Gulu. Of all milk samples, 28 % tested positive for presence of antibodies to Brucella. The percentage of Brucella-seropositive samples was 40 % in Soroti, which was almost fourfold higher than in Gulu (11 %; P < 0.0001).
Results from the questionnaire on homestead-specific data are summarised in Table 3 . There were no associations between Brucella seropositivity, livestock species present on the homestead and type of cattle rearing system at the homesteads delivering milk. There were also multiple uses of cattle in both regions.
Discussion
The informal milk market is very important in Uganda and accounts for up to 90 % of milk sales . This study showed that the informal milk delivery chains in two Ugandan regions differed. Both chains identified involved several market levels, such as bicycle vendors, boiling points, street-side collection points, small-scale dairies and street vendors. Other variants of the milk chain in Uganda have been reported previously (Grimaud et al. 2009; Makita et al. 2010) . However, to our knowledge, this study is the first to compare and contrast the milk delivery chains in two regions in one country. Examples of differences between the milk delivery chains in these regions included dairy production systems, location of primary milk collection points and level of milk handling or processing.
In Gulu, zero-grazing production with Holstein cross-cattle breeds was the dominant grazing system practised by farmers, who mainly belonged to a dairy cooperative organisation, under the influence of externally funded NGO projects. The dairies present in Gulu at the time of this study were financially supported by the East African Dairy Development (EADD) programme, led by Heifer International (HI 2015) . The EADD programme aims to increase milk yield and income for smallholder East African farmers, with particular emphasis on women. Similar support was not available in Soroti, where the dominant production system was extensive, pasturebased grazing using local cattle breeds.
In Soroti, boiling points and street-side collection points outside the town centre were the primary milk collection points before milk reached points of sale in Soroti municipality, even though Uganda's Dairy Development Authority outlawed boiling points in 2000 (Balikowa 2011 ). Banning boiling points to restrict the informal milk chain can be questioned as an effective intervention since boiling raw milk can have as a protective effect for consumer public health and since the boiling points still clearly exist. The positive effect of informal boiling points is supported by Roesel et al. (2015) , who showed that informally marketed food is often safe for human consumption, although the opposite is often Fig. 3 Map of the milk delivery chain in Soroti District in Uganda, 2011 Uganda, -2012 considered to be the case. In contrast to Soroti, there was no heat treatment of milk in Gulu before sale, even when the milk was delivered to NGO-funded small-scale dairies. This is surprising considering the external support in Gulu for dairy sector development. Two of the three small-scale dairies in Gulu had cooling tanks, but the cost of running these tanks was not considered to be justified by dairy staff. Customers were waiting at the dairy to buy milk and therefore the dairies bypassed the cooling tank step. High demand also led to sales of milk that did not pass quality checks, such as tests of odour, density and colour. Another complicating factor was unreliable access to the electricity needed to run the cooling tanks. In combination, these constraints led to short-term decisionmaking regarding milk purchase and storage, rather than encouraging long-term planning, storage and contracting with buyers. In both regions, there was high demand for milk and most milk was sold immediately. Thus, a market exists, providing the potential to develop the small-holder dairy sector in a successful and sustainable way. The non-refrigerated handling of milk prior to delivery is another obstacle in developing the dairy sector. This study showed that it took an average of 3 h (maximum 6 h) from collection of milk at the producer to delivery of milk to a primary collection point in both regions. Transportation took place without cooling, with milk most often stored in jerry cans, which leads to poor microbial quality of the milk (Swai and Schoonman 2011) .
This study also showed that the presence of Brucella antibodies in the collected milk samples was higher in Soroti (40 %) than in Gulu (11 %). The average level of antibody presence found in the study agrees with findings in another study in southwestern Uganda that around 20 % of the cattle milk sampled contained antibodies to Brucella (Miller et al. 2015) . Many of the Soroti samples analysed here were collected from multiple homesteads and therefore mixed before delivery, whilst all Gulu samples came from a single homestead. This multi-homestead mixing was initially believed to explain the higher presence of antibodies to Brucella in the Soroti samples. However, when samples collected from only one homestead were compared, the proportions of positive samples in the two regions were similar to the overall results. Therefore, it is unlikely that increased multi-homestead mixing explained the difference in proportion of positive samples. The regional difference found is supported by Mugizi et al. (2015a) , who showed that the herd-level serological prevalence of Brucella was higher in Soroti than in Gulu. This difference was attributed by those authors to Soroti's larger herd size, an explanation supported by McDermott et al. (2013) . However, seropositivity does not necessarily imply that an animal is infected but correlates to infection burden and is thus an estimate of brucellosis prevalence in endemic regions (Godfroid et al. 2010; McDermott et al. 2013) . Vaccination can also generate seropositive animals, but there had been no known vaccination of cattle for B. abortus in Gulu or Soroti Districts (T. Kidega, personal communication 2011) . In a previous study, B. abortus was isolated from individual milk samples from dairy cattle in Gulu and Soroti (Mugizi et al. 2015b) , and B. abortus was recently detected by PCR analysis in bulk milk from these two regions (unpublished results, T Hoffman 2015) .
The results from the present study showed that not all milk was heat-treated prior to sale to consumers, particularly in Gulu. Moreover, 15 and 42 % of the respondents in Gulu and Soroti, respectively, reported consuming raw milk and milk products. Given the results from the serological testing, this may have public health implications. For example, Tumwine et al. (2015) and Osoro et al. (2015) showed that consumption of locally processed milk products and raw milk, respectively, are risk factors for Brucella spp. seropositivity in humans in Uganda and Kenya, respectively.
Around 70 % of all milk deliverers included in this study had not heard about Brucella or brucellosis, despite the disease being endemic in Uganda. However, it should be noted that it is not always the deliverer of the milk who manages the cattle. This may have influenced this result and should be considered during interpretation. A potential bias that might have resulted in underestimation of awareness of brucellosis was that the local names for brucellosis were not included in the questionnaire. However, our results are comparable with those of other studies showing that between 76 and 83 % of small-holder dairy farmers in Nigeria and Ethiopia are unaware of brucellosis (Adesokan 2013; Tschopp et al. 2013) . Knowledge is one part of the picture concerning raw milk and milk products and Brucella. Increasing awareness and education have been shown to be a successful way to change risky behaviour (Grace et al. 2012b; Wamalwa et al. 2012; Alarcon et al. 2014) . However, knowledge alone is most likely not sufficient as a public health intervention. Having found that raw milk was the most likely cause of human brucellosis, Makita et al. (2010) compared different control options for Brucella, such as a ban on milk sales, a ban on urban dairy farming and on boiling centres, in a risk model of informally marketed milk in Kampala. They found that introducing boiling points would be the best control option to reduce Brucella safety risks. This solution could also function in other regions and already exists as part of Soroti District's informal milk delivery chain.
In conclusion, the milk delivery chains identified in two different regions within the same country were found to be complex and differed from one another. Reported consumption of raw milk was lower in Gulu District, which might be the result of influence by an NGO milk development programme in the region, for example, through education of farmers and consumers. However, despite this support, there was no heat treatment of the milk in Gulu compared with a region with less support (Soroti). Variables such as the amount of milk entering the milk delivery chain affected the success of food safety measures already in place further along the chain, such as use of cooling tanks or rejection of diluted milk. In both regions studied, most milk was sold immediately upon delivery to waiting customers. This was indicative of the milk supply not meeting demand and suggests that a potential market exists for development of sustainable milk production. Based on the serological results obtained in this study, it can be suggested that Brucella spp. bacteria are present in multiple milk production systems and regions in low-income settings in Uganda, thereby constituting a public health threat. In Brucella endemic regions with challenges including lack of knowledge, poor infrastructure and financial constraints, the focus should remain on public health interventions to reduce exposure to Brucella. Education of consumers on the merits of boiling milk should be provided concurrently with interventions to increase food safety in the milk delivery chains.
